Biochemical interactions between cis-regulatory DNA sequences and trans-regulatory gene products suggest that cis-and trans-acting polymorphisms may interact genetically. Here we present a strategy to test this hypothesis by comparing the relative cis-regulatory activity of two alleles in different genetic backgrounds. Of the eight genes surveyed in this study, five were affected by trans-acting variation that altered total transcript levels, two of which were also affected by differences in cis-regulation. The presence of trans-acting variation had no effect on relative cis-regulatory activity, showing that cis-regulatory polymorphisms can function independently of trans-regulatory variation. The frequency of such independent interactions on a genomic scale is yet to be determined. The basic molecular mechanisms controlling gene expression provide ample opportunity for epistatic interactions (Alberts et al. 2002; Gibson and Weir 2005; Gjuvsland et al. 2007) . Gene expression requires direct binding of trans-acting transcription factors to cisregulatory sequences as well as protein-protein and protein-RNA interactions among additional, indirect, trans-acting factors. These biochemical interactions suggest that polymorphisms in cis-regulatory sequences and/or in genes encoding trans-acting factors may interact epistatically. Such interactions could occur between two trans-acting loci, between two cis-acting loci, or between cis-and trans-acting loci. The relative importance of each type of interaction remains unknown. (The ''cis'' or ''trans'' classification of epistatically interacting regulatory loci identified in yeast was not examined; R. Brem, personal communication). Alternatively, interactions may occur at the molecular level without any sign of statistical (epistatic) interaction among polymorphisms at cis-and trans-acting loci.
PISTATIC interactions are a common feature of the genetic architecture underlying quantitative phenotypes (Mackay 2001) . Levels of gene expression show patterns of inheritance characteristic of quantitative traits, suggesting that nonadditive interactions may often underlie regulatory variation (Gibson and Weir 2005) . Consistent with this hypothesis, over half of the yeast genes for which two quantitative trait loci (QTL) affecting gene expression were identified showed evidence of epistatic interactions (Brem et al. 2005) . Epistatic interactions affecting gene expression have also been inferred in Drosophila (Gibson 1996; Gibson et al. 2004; Wayne et al. 2004; Landry et al. 2005; Hughes et al. 2006; Osada et al. 2006) , although specific interacting loci have not yet been identified.
The basic molecular mechanisms controlling gene expression provide ample opportunity for epistatic interactions (Alberts et al. 2002; Gibson and Weir 2005; Gjuvsland et al. 2007) . Gene expression requires direct binding of trans-acting transcription factors to cisregulatory sequences as well as protein-protein and protein-RNA interactions among additional, indirect, trans-acting factors. These biochemical interactions suggest that polymorphisms in cis-regulatory sequences and/or in genes encoding trans-acting factors may interact epistatically. Such interactions could occur between two trans-acting loci, between two cis-acting loci, or between cis-and trans-acting loci. The relative importance of each type of interaction remains unknown. (The ''cis'' or ''trans'' classification of epistatically interacting regulatory loci identified in yeast was not examined; R. Brem, personal communication) . Alternatively, interactions may occur at the molecular level without any sign of statistical (epistatic) interaction among polymorphisms at cis-and trans-acting loci.
Here, we show how the relative activity of two cisregulatory alleles in different trans-regulatory backgrounds can be compared to test specifically for epistatic interactions between cis-and trans-acting polymorphisms. If cis-and trans-regulatory variants act independently, relative cis-regulatory activity should be the same in the two genetic backgrounds. If, however, cis-and trans-regulatory variants interact epistatically, relative cis-regulatory activity should differ between genetic backgrounds.
trans-regulatory variation affects standing levels of gene expression: To examine the effects of transregulatory variation on transcript abundance, we used pyrosequencing to compare expression of autosomal genes between genotypes that differed by one X chromosome ( Figure 1A) ; X-linked regulatory variants can only have trans-acting effects on autosomal gene expression. An inbred strain of Drosophila melanogaster, In(1)AB, which was segregating the FM7 balancer X chromosome, was used for this work. The FM7 balancer chromosome suppresses recombination, allowing genetic differences to accumulate between the In(1)AB 1 and FM7 X chromosomes. Gene expression was compared between females heterozygous for the FM7 and In(1)AB X chromosomes (''F'' in Figure 1A ) and females homozygous for the In(1)AB X chromosome (''I'' in Figure 1A ). All flies were homozygous for the In(1)AB autosomes. A second inbred strain of D. melanogaster, zhr, was included as a common reference point, and four replicate pools of flies were analyzed for each genotypic combination (see Figure 1 legend) .
Expression of eight genes was examined in this work. These genes are the subset of autosomal genes analyzed in Wittkopp et al. (2004) with nucleotide differences between the In(1)AB and zhr autosomes suitable for pyrosequencing (Ahmadian et al. 2000) . Proteins encoded by these genes perform a variety of molecular functions (Table 1) . We do not anticipate any bias in this gene set with respect to interactions between cis-and trans-regulatory polymorphisms; however, additional studies of cis-and trans-regulatory interactions are necessary to determine whether these genes are representative of the genome. Furthermore, it remains to be seen whether the types of regulatory polymorphisms that accumulate laboratory lines differ from those segregating in natural populations.
Measurements of relative gene expression (In(1)AB/ zhr) were log 2 transformed and normalized as described in the legend to Figure 1 . A linear model, including replicate pools of flies as a random effect, was used to calculate the relative expression between genotypes for each gene (Table 2 ) and to test for significant expression differences between the F and I pools (Table 1) . Treating replicate pools as a random effect is more conservative than treating them as a fixed effect because it compares the underlying populations from which the replicate pools were drawn rather than comparing only the observed data. With this in mind, we chose a slightly more generous than usual significance threshold of a ¼ 0.06 to infer differences. Using this cutoff, five of the eight genes, including four cases where P , 0.05 and one case where P ¼ 0.057, were deemed to have significant expression differences (Table 1, Figure 1B) . The three remaining genes, which were deemed to have no significant expression difference between genotypes, all showed P . 0.5 (Table 1) . Gene-specific 95% confidence intervals indicate that this test would reject the null hypothesis at a , 0.05 if substitution of the FM7 chromosome altered expression .3-11% (depending on the gene) in either direction, relative to zhr.
These data indicate that genetic differences between the In(1)AB and FM7 X chromosomes have trans-acting effects on expression of five of the eight genes examined. The functional polymorphism(s) may lie in the coding or noncoding regions of genes producing direct regulators of the affected gene or within coding or noncoding regions of genes producing indirect regulators that modify the activity of direct regulators. For the three genes that showed no significant expression difference between the F and I pools, the activity of any X-linked trans regulators is functionally equivalent between the FM7 and In(1)AB chromosomes, at least under the conditions assayed.
Relative cis-regulatory activity is independent of trans-regulatory variation: To determine whether transacting variation influences the relative activity of cisregulatory alleles, we used measurements of allele-specific expression to compare cis-regulatory activity in different genetic backgrounds. Relative allelic expression in a heterozygote is a measure of relative cis-regulatory activity (Cowles et al. 2002) . In(1)AB females heterozygous for the FM7 chromosome were crossed to zhr males, and (1)AB strain and ''zhr'' indicating chromosomes from the zhr strain. Note that these genotypic combinations differ only by the presence or absence of the FM7 X chromosome. For both the heterozygous (F) and homozygous (I) X chromosome genotypes, the relative abundance of autosomal transcripts from the zhr and In(1)AB alleles was measured in four replicate pools of adult flies. Each pool contained seven adult females (7-10 days old) from the zhr line and seven females from the In(1)AB line, either with (F) or without (I) the FM7 X chromosome. After sequentially extracting RNA and genomic DNA from each pool, duplicate cDNA pools were synthesized and used to measure expression of eight autosomal genes using pyrosequencing. Allele abundance in the genomic DNA samples was also measured in duplicate and used to normalize measurements as described in Landry et al. (2005) . After normalization, the log 2 expression ratios of the In(1)AB allele to the zhr allele were fitted to a mixed linear model with a fixed effect of genotype (F and I) and a random effect of replicate fly pools using ''proc MIXED'' in SAS v.8.2 (Cary, NC) allele-specific expression of the eight autosomal genes was measured in F 1 hybrids. Reciprocal crosses were also performed to measure parent-of-origin effects on allelespecific gene expression by crossing zhr females to In(1)AB males. These In(1)AB males lacked the FM7 X chromosome, which is lethal in a hemizygous state. Together, these two crosses produced three distinct classes of female offspring (Figure 2A ): the ''B'' class, which had the X chromosome genotype of FM7/zhr and the cytoplasm from the In(1)AB line; the ''H'' class, which had the X chromosome genotype of In(1)AB/zhr and the cytoplasm from the In(1)AB line; and the ''R'' class, which had the same genotype as ''H'' but the cytoplasm derived from the zhr line. These latter two classes also differed by which parent transmitted which allele. All three classes of females were heterozygous for the In(1)AB and zhr autosomes.
Relative cis-regulatory activity between the In(1)AB and zhr alleles was measured in all three genotypes using pyrosequencing. A linear mixed model (see Figure 2 legend) was used to calculate least-squares means (Table 2 ) and to test for significant differences among F 1 hybrid genotypes. For all eight genes, no significant difference was observed among the three hybrid classes, between hybrids from reciprocal crosses (H and R) or between hybrids with different X chromosome genotypes (H and B) (Table 1, Figure 2B ); relative expression of the zhr and In(1)AB cis-regulatory alleles was the same regardless of the direction of cross or the presence/absence of the FM7 chromosome. Gene-specific 95% confidence intervals indicate that the null hypothesis of equal expression would be rejected at a , 0.05 if expression of the In(1)AB allele differed between hybrids .1-7% (depending on the gene) in either direction, relative to the zhr allele.
The absence of allele-specific, parent-of-origin effects is consistent with prior studies showing no evidence of genomic imprinting in D. melanogaster (Wittkopp et al. 2006 ). More importantly, the similar allele-specific expression observed between the B and H classes indicates that genetic differences between the FM7 and In(1)AB X chromosomes had no effect on relative cis-regulatory activity. This was true for the three genes unaffected by the substitution of the X chromosome as well as for the five genes affected by trans-acting regulatory differences between the In(1)AB and FM7 X chromosomes, including the two genes with both cis-and trans-regulatory differences.
Discussion: This study shows how comparisons of allele-specific expression among genetic backgrounds can be used to test for epistasis between cis-and transregulatory variation. Although we started with a set of 22 autosomal genes (data not shown), only 8 contained sequence differences suitable for pyrosequencing and, of these, only 2 showed the significant evidence of both cis-and trans-regulatory variation necessary to test for epistasis. Neither of these genes showed evidence of Prior studies suggest there may be extensive epistasis among loci underlying differential gene expression (Gibson et al. 2004; Brem et al. 2005) , but interactions between cis-and trans-acting factors are only one source of these interactions. Despite our small sample size, we propose that epistatic interactions between cis-and trans-acting factors may be rare in general because they require trans-acting variants to interact differently with alternate cis-regulatory alleles (e.g., a polymorphism in the DNA binding region of a transcription factor may interact epistatically with a polymorphism in the cisregulatory binding site for this factor). Such combinations of polymorphisms may be rare within species. Interactions among trans-regulatory polymorphisms may be more common: using a crossing design that minimized trans-regulatory variation, Hughes et al. (2006) found less evidence of epistasis among regulatory loci in Drosophila than did studies with other crossing designs (Gibson et al. 2004; Wayne et al. 2004; Osada et al. 2006) .
Determining the prevalence of epistatic interactions between cis-and trans-acting loci is important because it affects the way gene expression evolves. In the absence of interactions, cis-and trans-acting regulatory changes can evolve independently. That is, cis-regulatory changes Figure 2 .-Relative cis-regulatory activity is independent of trans-regulatory variation. (A) X, second, and third chromosome genotypes of flies crossed to generate different classes of F 1 hybrids are shown. ''In'' indicates chromosomes from the In(1)AB strain and ''zhr'' indicates chromosomes from the zhr strain. For each of the three hybrid classes, two pools, each containing 14 adult female flies (7-10 days old) were analyzed. RNA and genomic DNA were sequentially extracted from each pool. cDNA was synthesized and used to measure expression of the eight autosomal genes using pyrosequencing. Allele abundance in genomic DNA samples was also measured and used to normalize measurements as described in Landry et al. (2005) . After normalization, the log 2 ratios of allelic expression were fitted to the mixed linear model with a fixed effect of genotype (B, H, and R) and a random effect of replicate fly pools using proc MIXED in SAS v.8.2. (B) Least-squares means with their standard errors from this model are shown. In all cases, no significant difference was observed among the three hybrid genotypes (P . 0.2). should have similar effects on gene expression, regardless of the genetic background. This may often be true within species, especially within populations harboring little genetic variation. As regulatory divergence increases, however, there may be more opportunities for epistatic interactions and epistatically interacting cisand trans-regulatory changes may become more common. Consistent with this idea, interactions between cis-and trans-acting changes have been implicated as a source of dysregulation in interspecific hybrids of D. melanogaster and D. simulans (Landry et al. 2005) . Determining how cis-and trans-regulatory variants interact with each other over different evolutionary timescales will help us better understand how regulatory polymorphisms segregate within species and become fixed between species.
